Abstract. Since the spectrum fragmentation is an important issue for the dynamic demands allocation in the Elastic Optical Networks, minimization of it improves the spectrum utilization and decreases the blocking probability. In the paper, the dynamic deadline-driven multicast routing and spectrum assignment problem in the elastic network is considered. Three spectrum fragmentation-aware algorithms were proposed and evaluated. Two of proposed algorithms use the well-known fragmentation metrics, while the third one utilizes a new original fragmentation increase estimator. The results of the experiments validating the quality of proposed methods and algorithms were reported and analyzed.
Introduction and related work
The elastic optical networks (EON) are being considered as an successor of the WDM networks, as they offer the possibility of more flexible and accurate management of the optical resources. Due to the nature of EONs, especially because of the continuity and contiguity constraints, the route and spectrum allocation (RSA) problem, that must be solved during traffic allocation in the elastic network, becomes NP-complete. There are two common kinds of problems considered in EONs: the network planning and the network provisioning [10] . In the network planning (offline RSA) the traffic demands are known in advance and have a permanent nature, while in the network provisioning (online or dynamic RSA) requests arrive at unpredictable time, are short-term or just require to send a given amount of data. The goal of dynamic RSA is to ensure the optical resources for all traffic requests, i.e. to minimize the blocking probability (demand rejection ratio). The main problem that occurs in the network provisioning tasks is the spectrum fragmentation [3, 11] , because it makes impossible to find the required contiguous range of spectrum, although many of the frequency slots remains not-occupied. The spectrum fragmentation importantly decreases the spectral efficiency and effects in the lower spectrum utilization and higher blocking ratio (however, in some very specific cases, high fragmentation 6 M. Markowski is useful -e.g. when we need to ensure free resources for increasing the bandwidth for the time-varying demands, like in [5] ). The impact of fragmentation is especially noticeably in case of the multi-hop connections or multicast requests.
There are some ideas how to reduce or eliminate the spectrum fragmentation phenomena. Most solutions consist in reconfiguring (rearranging) of the existing optical paths, in example by shifting the optical path to another spectrum range [7, 11] or close the current connection for the demand and establish a new one along another route.
Such approaches usually affect the traffic in reconfigured paths, since they need temporary disconnecting and reconnecting after the spectrum range or route modification. In the other methods, the new connection for demand must be established before closing the original one -such approach allows to eliminate the transmission breaks, but requires free spectrum resources for temporary allocation of both optical paths. Finally, in case of the short-term requests, such reallocation is often not beneficial.
Another possibility of fragmentation minimization in the dynamic requests scheduling is the fragmentationaware allocation strategy. Unlike in most common firstfit algorithms, the fragmentation-aware algorithm verifies the possible spectrum and time ranges for demand allocation and chooses the best option due to fragmentation minimization. The most problematic issue in such approach is determining the best fragmentation metric whose minimization will ensure the smallest fragmentation growth in the network. The fragmentation metrics considered in the literature include the external fragmentation [4] metric (known from computer memory fragmentation issues), the Shannon entropy metric, the access blocking probability metric [2] and the others [1, 9] . The original formulation of the fragmentation metric for a single link as well as for a multi-hop optical path was also proposed in the paper [6] where it was shown that the fragmentation-aware method overcomes, in most cases, the simple first-fit algorithms.
In this study, the online deadline-driven multicast routing and spectrum assignment problem in the elastic optical networks is considered, particularly a few fragmentation-aware strategies and algorithms are proposed and evaluated. The optimization task is to solve the RSA problem together with assigning of time window for the dynamic multicast requests. Each multicast request is described with the source node, the destination nodes, a volume of data and a point in time, before which it must be finished (the deadline). 
arrival time of demand, τ d represents the deadline for demand (the point in time prior to which demand must be completed), finally h d is the volume of demand (in Gb).
The problem consists in assignment of the multicast tree, the spectrum and the time window for each demand in order to realize each demand prior to its deadline. The goal of the optimization is to minimize the blocking probability in the network. The following assumptions were applied to the considered problem:
• The multicast tree for each demand must be assigned by the algorithm, but sets of pre-calculated candidate paths between each node pairs (unicast paths)
are given and may be used,
• The bandwidth capacity of the optical channels is in range 10-400 Gb/s,
• A few distance-adaptive modulation formats may be used: BPSK, QPSK, 8QAM, 16QAM, 32QAM, 64QAM. Accordingly to the practical implementations, the maximal bit rate and modulation format possible for the optical path depends on the length of the lightpath, as in [8] ,
• Decision must be taken immediately (in real time)
for each incoming demand.
Fragmentation
The main reasons of the spectrum fragmentation in EON are the various number of subcarriers in the optical connections, the spectrum continuity constraint and the spectrum contiguity constraint. Let us consider the optical network that consists of four links L1, L2, L3 and L4, with There are a few metrics developed for measuring the fragmentation ratio. It is hard to unambiguously point the best one, since the fragmentation is a very complex phenomena and it is hard to describe it with a single indicator.
Usually, different metrics appear to be the best for the specific purposes, and the choice of the best one is done experimentally. Probably the most popular metric -the external fragmentation (EF), also known from the computer memory fragmentation issues, is given with the for- Another metric originates from the information theory.
Let f be the index of the block of free slots in the link and let S f be the size (the number of free slots) of the block f .
The Shannon fragmentation metric (SE) is defined as [2] :
The number and sizes of all free blocks have an impact on the value of the SE metric, then it better than EF differentiates the fragmented spectrum. The disadvantage in this case is the more complicated calculation of metric. 
Algorithms
The calculation scheme of the proposed fragmentationaware algorithms is presented as Algorithm 1. The first step is an assignment of multicast tree for demand, for which the cheapest insertion (CI) method is used (line 1).
CI algorithm starts with the partial multicast tree containing only the source node, then in each iteration the shortest path between any of the destination node not contained in the partial tree and any node contained in the partial tree is being found. The algorithm terminates when all destination nodes are in the multicast tree. The cheapest insertion method gives the multicast tree that contains a minimal number of links (channels) of the communication network. calculate the required number of slices n i and the number of time slots w di 4:
for s = 1 to S − n d do 10: if allocation (t, s) is possible then 11: calculate the fragmentation rise ∆F for (t, s) All the fragmentation-aware algorithms, considered in the paper, utilize the presented above calculation scheme.
The only difference is the fragmentation metric. During further considerations, algorithms will be named EF, SE and FR -accordingly to the used metric.
For evaluating the benefits of using fragmentationaware algorithms, the results obtained with them were compared to the simple first-fit (FF) algorithm. The firstfit algorithm does not search all possible time and spectrum ranges, but it allocates each demand in the firstfound possible location. The decision time is much shorter in this approach. Some first-fit algorithms for the considered problem were presented in [6] . In this paper the best solution found by FF algorithms was taken into account as a reference for each experimental scenario.
Results
The main goal of experiments was to evaluate the quality of solutions obtained with proposed fragmentation-aware heuristic algorithms for different multicast demand characteristics (e.g. the different number of destination nodes and intensity of demands). The experiments were con- For each experimental scenario (i.e. for given average number of demands per second and average number of destination nodes) ten demand sets were prepared. The sets of demands were generated randomly, in particular for each demand the following parameters were drawn:
• the source node and the destination nodes,
• the number of destination nodes in the multicast tree -between 2 and 14,
• the volume of demand -between 1 Tb and 6 Tb, were generated randomly from range 2-6, and the average number was equal to 4.0. For relatively small demand intensity (up to average 4.5 demands per second) all demands were successfully allocated (the blocking probability was equal to zero). For the higher demand rates, the fragmentation-aware algorithms allowed to minimize the blocking probability in the comparison with the best first-fit algorithm. It may be noticed, that results obtained with the algorithms based on the external fragmentation (EF) method were the best -the blocking probability was even 4 times less than for reference FF algorithm and 2-3 times less than for EF and FR methods. Fig. 3(b) depicts the amount of wasted spectrum resources for different demand intensity. As it may be concluded from Fig. 3(b) , the fragmentation-aware algorithms allow to manage the spectral resources more effectively, and the less number of spectrum slots becomes useless. The use of the Shannon fragmentation metric guarantees the most efficient spectrum management in those scenarios. As it may be observed in Fig. 3(b) , the results obtained with EF algorithm were close to the results obtained with SE, excluding scenarios with the demand intensity between 6 and 7 demands/s when using EF algorithm leads to the higher ratio of wasted spectrum. Probably it is the result of the nature of extended fragmentation metric -only the largest free block of slices affects the value of EF. Then, the al- (Fig. 4(a) ). We may also observe, that the amount of wasted spectrum was 20-50% less for the fragmentation-aware algorithms in comparison to the first-fit methods (Fig. 4(b) ). Least amount of the spectrum resources was wasted with EF algorithm.
For higher number of destination nodes the profits yielded from the fragmentation-aware algorithms appeared to be less significant, particularly only FR algorithm produced the better solutions than FF (Fig. 5(a) ).
Also the amount of wasted spectrum for some scenar- 
